The genomes of Shewanella oneidensis strain MR-1 and Anaeromyxobacter dehalogenans strain 2CP-C encode 40 and 69 putative c-type cytochrome genes respectively. Deletion mutant and biochemical studies have assigned specific functions to a few c-type cytochromes involved in electron transfer to oxidized metals in S. oneidensis strain MR-1. Although promising, the genetic approach is limited to gene deletions that produce a distinct phenotype and to an organism for which a genetic system is available. To investigate and compare c-type cytochrome expression in S. oneidensis strain MR-1 and Anaeromyxobacter dehalogenans strain 2CP-C more comprehensively, proteomic measurements were used to characterize lysates of cells grown with soluble Fe(III) (as ferric citrate) and insoluble Mn(IV) (as MnO 2 ) as electron acceptors. Strain MR-1 expressed 19 and 20, and strain 2CP-C expressed 27 and 25, c-type cytochromes when grown with Fe(III) and Mn(IV) respectively. The majority of c-type cytochromes (77% for strain MR-1 and 63% for strain 2CP-C) were expressed under both growth conditions; however, the analysis also revealed unique c-type cytochromes that were specifically expressed in cells grown with soluble Fe(III) or insoluble Mn(IV). Proteomic characterization proved to be a promising approach for determining the c-type cytochrome complement expressed under different growth conditions, and will help to elucidate the specific functions of more c-type cytochromes that are the basis for Shewanella and Anaeromyxobacter respiratory versatility.
Introduction
Anaeromyxobacter spp. and Shewanella spp. are recognized for their metabolic versatility and have been isolated from a variety of habitats, including soil, sediment and subsurface environments. Members of these genera share the ability to couple the reduction of soluble and insoluble oxidized metals and metalloids to energy conservation. Another shared feature is the presence of an unusually high number of c-type cytochrome genes, many of which have multiple haem-binding motifs. For example, the genomes of Anaeromyxobacter dehalogenans strain 2CP-C and Shewanella oneidensis strain MR-1 encode 69 and 40 ctype cytochromes respectively (Table 1) . These predictions are based on the presence of conserved haem-binding motifs (i.e. CXXCH, CXXXCH and CXXXXCH) and sequence similarities to functionally characterized c-type cytochromes [1] .
Several c-type cytochromes have been identified as electron-transfer components of terminal reductase protein complexes involved in the reduction of soluble electron acceptors [2] [3] [4] . c-Type cytochromes also function as components in conductive multi-protein electron-transport systems connecting the cytoplasmic membrane with the cell surface to transfer electrons to insoluble electron acceptors, such as metal (hydroxy)oxides [5] [6] [7] . Experimental evidence supports three conceptually distinct models of how electrons generated in cytoplasmic or membraneassociated electron donor oxidation can be transferred to insoluble electron acceptors. Electron transfer to extracellular insoluble electron acceptors may (i) require direct contact of redox-active proteins (e.g. c-type cytochromes) located on the outside of the cell [6] , (ii) occur along conductive extracellular structures (e.g. pili or nanowires) [8, 9] , or (iii) involve soluble electron-shuttling molecules [10] [11] [12] [13] . In all three models, ctype cytochromes are essential electron-transfer components involved in metal reduction.
Respiration of soluble and solid metals in the Gammaproteobacterium S. oneidensis strain MR-1 follows a pathway involving a number of characterized protein components, including the multihaem c-type cytochromes CymA, MtrA, FccA, MtrC (OmcB) and OmcA. CymA is a decahaem ctype cytochrome related to the NapC/NirT family of quinol dehydrogenases. Anchored in the cytoplasmic membrane, CymA delivers electrons to the periplasmic decahaem ctype cytochrome MtrA. FccA, a periplasmic fumarate reductase, also receives electrons from CymA and interaction with periplasmic MtrA has been demonstrated [14] . MtrB, although not a cytochrome, appears to possess a crucial role in facilitating electron transfer from the periplasmic MtrA to the membrane-bound OmcA/MtrC (OmcB) complex [6, 15] . MtrF, MtrD and MtrE are homologues of MtrC, MtrA and MtrB respectively and form a similar electron-transfer pathway reaching from the periplasm to the outer membrane [16] . The exact growth conditions triggering MtrF, MtrD and MtrE expression are still unclear; however, Richardson et al. [16] recently proposed that non-planktonic growth favours their expression.
Despite considerable progress in delineating the roles of c-type cytochromes in electron transfer in S. oneidensis strain MR-1, only a fraction of the entire c-type cytochrome pool has been functionally characterized. Assigning specific function(s) to individual c-type cytochrome genes is challenging because many deletion mutants do not display distinguishable phenotypes. The reasons for deletion mutants not being impaired may be related to the promiscuity of ctype cytochromes (i.e. the redox-active protein can donate electrons to more than one electron acceptor). Members of the genus Anaeromyxobacter have been recognized as relevant metal reducers in soils and subsurface environments, but no progress has been made in assigning specific functions to their c-type cytochromes. A major obstacle has been the lack of genetic tools to generate Anaeromyxobacter deletion mutants. Table S1 at http://www. biochemsoctrans.org/bst/040/bst0401204add.htm).
MtrF, MtrD and MtrE were not detected, consistent with the observation that these proteins play roles in biofilms rather than planktonic cells [16] . In addition, MtrB, although not a cytochrome, was highly expressed. Interestingly, all c-type cytochromes implicated in metal respiration in strain MR-1 showed higher expression levels in cells grown with Mn(IV) compared with Fe(III)-grown cells. A previous study with a S. oneidensis strain MR-1 deletion mutant ( omcA mtrC) concluded that OmcA and MtrC were not directly involved in Mn(IV) oxide reduction [17] ; however, our analysis demonstrated that OmcA and MtrC expression was significantly higher in Mn(IV)-grown cells compared with cells grown with soluble Fe(III). Although the exact roles of OmcA and MtrC in Mn(IV) reduction remain unclear, the proteomic analysis indicated that both c-type cytochromes are involved in Mn(IV) oxide respiration. Beliaev et al. [18] compared transcription levels of cymA, mtrA, mtrB and omcA in S. oneidensis strain MR-1 cells grown with oxygen, fumarate, nitrate and soluble Fe(III) as electron acceptors. The highest activities of the target genes (i.e. RNA levels) were observed in cultures supplied with fumarate. Our proteome data indicated that all proteins were more highly expressed in Mn(IV)-grown than in Fe(III)-grown cells, suggesting that a higher number of these cytochromes are required during growth with solid Mn(IV) than with soluble Fe(III). The x-axis shows normalized spectral counts calculated using the method of Thompson et al. [34] , followed by a multiplication by 100 000 to obtain whole numbers. The numbers on the right indicate c-type cytochrome-normalized spectral counts that exceed the maximum value displayed on the x-axis.
FccA, a tetrahaem cytochrome (fumarate reductase flavoprotein subunit, locus tag SO_0970) was the most abundant cytochrome in S. oneidensis strain MR-1 cultures grown with Mn(IV). FccA was described previously as the most abundant periplasmic protein S. oneidensis strain MR-1 cells grown with Fe(III) citrate [14] , indicating that this c-type cytochrome is relevant for the reduction of soluble and insoluble metal species. Another tetrahaem cytochrome, Cytc3 of Shewanella frigidimarina, was proposed to operate as a periplasmic electron carrier in conjunction with MtrA in the periplasm [19] [20] [21] . BLASTP results revealed a 48% sequence identity of Cytc3 with FccA of strain MR-1. Thus FccA might not only function as a fumarate reductase, but also possess unknown roles in electron transfer to solid and soluble metals in Shewanella spp. For example, Schuetz et al. [14] hypothesized that FccA might also be involved in electron storage and act as a capacitor; however, this function has not been demonstrated.
Two unique c-type cytochromes, SO_1427 and SO_4570, were identified in S. oneidensis strain MR-1 cells grown with Fe(III) citrate. Protein SO_1427 is annotated as a decahaem cytochrome with a predicted localization in the cytoplasmic membrane. BLASTP results demonstrated a 64% amino acid identity with MtrA (SO_1777) of the same strain, suggesting that S. oneidensis strain MR-1 utilizes a second MtrAtype protein during growth with Fe(III) citrate. In contrast, Rosenbaum et al. [22] reported that the gene encoding this decahaem cytochrome SO_1427 was up-regulated when S. oneidensis strain MR-1 was grown with an electrode as electron acceptor, but not when grown with soluble Fe(III). The second cytochrome, SO_4570, also showed similarity to MtrA, and both proteins shared 48% amino acid identity. In GenBank ® , this cytochrome is annotated as a hypothetical protein with one haem-binding motif. These results suggest that S. oneidensis strain MR-1 utilizes multiple MtrA-type cytochromes to respire soluble metals, in addition to the recognized key players MtrA, MtrC, OmcA, CymA and MtrB. Previous studies with mtrA-, omcA-and mtrCdeletion mutants demonstrated that soluble Fe(III) reduction rates were not or only slightly impaired compared with the wild-type [23] [24] [25] , suggesting that alternative cytochromes fulfil their function, thus exemplifying the promiscuity of c-type cytochromes.
The annotated cbb 3 -type cytochromes CcoP (SO_2361) and CcoO (SO_2363) were both more highly expressed in cells grown with Mn(IV) than with Fe(III) as electron acceptor. cbb 3 -Type cytochromes might be involved in oxygen reduction; however, their particular functions under anoxic conditions is unclear and more detailed investigations are required. Gao et al. [26] implicated these cytochrome The x-axis shows normalized spectral counts calculated using the method of Thompson et al. [34] , followed by a multiplication by 100 000 to obtain whole numbers.
oxidases, together with the ubiquinol-cytochrome c reductase PetC (SO_0610), in Cr(VI) reduction, and speculated that these proteins might be involved in the removal of reactive oxygen species rather than in metal respiration. Our observations also suggest a role for cytochrome oxidases in anaerobic metal reduction. These findings demonstrate that 2D-LC-MS/MS is an excellent approach for the identification of c-type cytochromes expressed under different growth conditions. All proteins implicated previously in metal respiration, i.e. MtrA, FccA, MtrC, OmcA, MtrB and CymA, have been detected in both soluble ferric iron and solid-phase Mn(IV) respiration. Interestingly, on the basis of normalized spectral counts, these proteins were more abundant in cells grown with Mn(IV) oxide than in cells grown with Fe(III) citrate. In addition, the analysis identified c-type cytochromes that have not been implicated previously in the reduction of soluble Fe(III) and solid-phase Mn(IV).
Cytochrome c expression in A. dehalogenans strain 2CP-C during growth with Fe(III) and Mn(IV)
Anaeromyxobacter spp. have been recognized as versaphilic microaerophiles that utilize a variety of oxidized metal species as electron acceptors; however, to date, the extensive ctype cytochrome pool has not been characterized. Out of a total number of 69 predicted c-type cytochrome genes on the A. dehalogenans strain 2CP-C genome, 27 and 25 cytochromes were expressed with Fe(III) citrate and Mn(IV) oxide provided as electron acceptors respectively ( Table 1) . Most of the detected c-type cytochromes were present in A. dehalogenans strain 2CP-C cells under both Fe(III)-and Mn(IV)-reducing conditions; however, the expression levels for individual cytochromes varied considerably between Fe(III)-and Mn(IV)-grown cells (Figure 2 and Supplementary Table S2 at http://www.biochemsoctrans. org/bst/040/bst0401204add.htm). Three decahaem c-type cytochromes, annotated as hypothetical proteins, were identified under both growth conditions: Adeh_2907, Adeh_0409 and Adeh_2216. Interestingly, these cytochromes shared sequence similarities with outer-membrane cytochromes, such as OmcA/MtrA and OmcA/MtrC. A fourth decahaem c-type cytochrome, Adeh_3163, was unique to Fe(III)-grown strain 2CP-C cells, and shared 26% sequence identity with a decahaem cytochrome (SO_1659) of the OmcA/MtrC family found in S. oneidensis strain MR-1. Strain MR-1 expressed this decahaem cytochrome when grown with oxidized metals as electron acceptors, and a previous study suggested a role for this protein in nitrate and fumarate reduction [27] . The relatedness of cytochromes Adeh_3163 and SO_1659 with outer-membrane proteins with assigned functions suggests that this decahaem cytochrome is an outer-membrane protein involved in electron transfer to Fe(III) and Mn(IV) in A. dehalogenans strain 2CP-C.
Several c-type cytochromes, including Adeh_2963, Adeh_2902, Adeh_0318 and Adeh_0029, demonstrated higher expression levels in Fe(III)-grown strain 2CP-C cells than in cells grown with Mn(IV). The putative heptahaem c-type cytochrome Adeh_2963 demonstrated the highest expression level of all cytochromes identified under Fe(III)-reducing conditions. A BLASTP search revealed a 51% amino acid sequence identity of Adeh_2963 with a sulfite reductase (SO_0479, c-type cytochrome, sirA) from S. oneidensis strain MR-1. In contrast, SO_0479 showed the highest expression levels in S. oneidensis strain MR-1 cultures grown with Mn(IV), not with soluble Fe(III). Shirodkar et al. [28] identified SirA as the terminal reductase involved in dissimilatory sulfite reduction in S. oneidensis strain MR-1. The involvement of a sulfite reductase in soluble Fe(III) citrate or Mn(IV) oxide reduction is unclear and SirA warrants further exploration. Surprisingly, the NrfA nitrite reductase (Adeh_2902; EC 1.7.2.2) of A. dehalogenans strain 2CP-C was expressed in cells grown with Fe(III) and Mn(IV), with higher expression levels observed with Fe(III) provided as electron acceptor. Shi et al. [6] raised the question whether NrfA might function as a direct electron donor to MtrA in S. oneidensis strain MR-1, and it is possible that NrfA may have a similar function in A. dehalogenans strain 2CP-C. A split-Soret cytochrome c (Adeh_0318) was highly expressed in strain 2CP-C cells grown with soluble Fe(III). This cytochrome displayed a 39% amino acid sequence identity with the split-Soret cytochrome c (Ddes_2150) from Desulfovibrio desulfuricans ATCC 27774. Furthermore, Adeh_0656, annotated as hypothetical protein, shared 34% amino acid sequence identity with the splitSoret cytochrome c from D. desulfuricans (Ddes_2150). Both proteins, the split-Soret cytochrome c (Adeh_0318) and the hypothetical protein (Adeh_0656), are dihaem cytochromes; however, Adeh_0318 has a predicted periplasmic localization, whereas Adeh_0656 is predicted to be an extracellular protein.
A transcriptional study with D. desulfuricans implicated this cytochrome in nitrate respiration [29] , and our observations suggest that this particular cytochrome possesses an even wider functional range. Fibronectin (type III) has been reported to be involved in binding insoluble iron to cells of Geobacter sulfurreducens strain DL1 [30] . We identified a fibronectin type III (Adeh_0029 with nine haem-binding motifs) at higher expression levels in A. dehalogenans strain 2CP-C cells grown with Fe(III) than with Mn(IV), suggesting that this protein also plays a role when soluble oxidized metal species serve as electron acceptors.
Several c-type cytochromes were more highly expressed in Mn(IV)-grown cells, including Adeh_1172. This protein is annotated as cytochrome c oxidase/FixO/bifunctional cbb 3 -type cytochrome c oxidase subunit II and possesses two haem-binding motifs. Proteins of this type have been described as a distinctive class and may function as terminal oxidases, oxygen scavengers or regulators of redox homoeostasis in Proteobacteria [31] . The A. dehalogenans strain 2CP-C cbb 3 -type cytochrome oxidase genes are related to genes found in Chlorobacteriaceae, hinting at a common aerobic ancestor of the Deltaproteobacteria [32] . The prominent expression of this cbb 3 -type cytochrome oxidase in Mn(IV)-grown strain 2CP-C cells in the absence of oxygen warrants further investigation as to its specific function in metal reduction.
More than half (52%) of the strain 2CP-C c-type cytochromes expressed under Mn(IV) oxide growth conditions are annotated as hypothetical proteins (Supplementary Table  S2 ). BLASTP searches did not reveal similarities to other proteins and the specific functions of these proteins during solid Mn(IV) reduction remain unclear. A few cytochromes (i.e. Adeh_3065 and Adeh_3163, discussed above) were only expressed in Fe(III)-grown A. dehalogenans strain 2CP-C cells, but not in cells grown with Mn(IV). On the other hand, cytochrome Adeh_1278 was only detected in Mn(IV)-grown cells, but not when cells were grown with Fe(III). Apparently, A. dehalogenans strain 2CP-C uses a few distinct c-type cytochromes for respiring soluble Fe(III) and insoluble Mn(IV) in addition to a shared set of c-type cytochromes.
The A. dehalogenans strain 2CP-C genome analysis identified a c-type cytochrome gene (Adeh_3077) encoding a c-type cytochrome with 40 predicted haem-binding motifs, and this large protein was expressed at similar levels under Fe(III)-and Mn(IV)-reducing conditions; however, its function and actual haem loading are currently unclear.
The analysis of S. oneidensis strain MR-1 deletion mutants provided an in-depth understanding of the function of several important c-type cytochromes; however, the genetic approach has limitations when deletion mutants do not display impaired phenotypes or suitable genetic systems are not available for the organism under study. For example, A. dehalogenans is not genetically tractable, and the 2D-LC-MS/MS global proteomics approach proved useful to identify and differentiate c-type cytochrome expression in A. dehalogenans strain 2CP-C cells grown with soluble Fe(III) or insoluble Mn(IV). The 2D-LC-MS/MS approach aids in the interrogation of relevant c-type cytochromes that lack characterization, and the combined application of proteomic workflows, genetic tools and biochemical characterization promises to help to elucidate the exact function of the entire complement of c-type cytochromes expressed under specific growth conditions.
Conclusions
Distinct c-type cytochrome expression patterns were observed in Fe(III)-and Mn(IV)-grown cells of S. oneidensis strain MR-1 and A. dehalogenans strain 2CP-C, supporting the hypothesis that c-type cytochrome analysis can inform about the metabolic activity of the cell (i.e. which electron acceptor is utilized). Thus the wholecell proteomics approach can complement genetic and biochemical efforts towards characterization of c-type cytochrome expression and detailing specific functions of individual c-type cytochromes. Further studies with a broader range of electron acceptors are necessary to confirm that electron acceptor-specific characteristic c-type cytochrome expression patterns are observed. The field of environmental proteomics is rapidly advancing, and recent studies have demonstrated the feasibility of global proteome analysis of environmental samples, including soil and groundwater samples [33] . Electron acceptor-specific c-type cytochromes may serve as activity biomarkers and enable innovative approaches for identifying active microbial community members, monitoring their activities under various redox conditions, and exploring their responses to perturbations. Tables S1 and S2 . 1 To whom correspondence should be addressed (email frank.loeffler@utk.edu). [1] . †Raw spectral counts were normalized as described in [2] . 
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